DFT-B3LYP calculations are performed on 4-ring models of aluminophosphates (AlPOs) and silicoaluminophosphates (SAPOs). The results are used to fit the parameters of ion pair shell model potential functions. The potentials obtained are tested in lattice energy minimizations for berlinite and the microporous materials AlPO-18, AlPO-40, AlPO-52, and VPI-5. Not only does the potential reproduce the observed structures (average error of the cell constants 1.3%), it also predicts vibrational frequencies over the whole frequency range equally well (maximum deviation 50 cm -1 ). The potential is used to predict the structures and properties of Brønsted acid sites in an aluminosilicate and a SAPO with the chabazite framework structure (HSSZ-13 and HSAPO-34). A new combined quantum mechanics-intermolecular potential function approach (QM-Pot) is used at the DFT level. Comparison is made with full periodic DFT calculations using plane wave basis sets. The deprotonation energies corrected for systematic errors of the methods used are 1 231-1 235 and 1 261-1 280 kJ/mol for HSSZ-13 and HSAPO-34, respectively. The same acid site has a lower acidity in a SAPO than in an aluminosilicate zeolite of the same structure. Key words: Aluminosilicate catalysts; Silico-aluminophosphate catalysts; DFT-B3LYP; Ion pair shell model potential; Zeolites; Quantum chemistry; Ab initio calculations.
for charge compensation, the same type of bridging hydroxyl group is created, Si-O(H)-Al, but in a different environment.
The latter catalysts are silico-aluminophosphates (SAPOs). Understanding the differences in structure and reactivity between zeolites and SAPOs is prerequisite to designing solid acid catalysts. Experimental diffraction methods cannot easily distinguish between Si and Al in zeolites or between P and Si in SAPOs. It is also not easy to determine the intrinsic acidity of surface hydroxyls by experiments because different techniques probe different properties of the acidic site. Therefore, atomistic simulations of the structures of solid acids and quantum mechanical calculations of their intrinsic acidity can significantly contribute to our understanding of this class of important catalysts.
We report here simulation studies on two solid acids with the chabazite (CHA) framework. One is an aluminosilicate, the other one a silico-aluminophosphate. Experimentally, these materials are known as HSSZ-13 and HSAPO-34, respectively. Their structure has been recently examined by neutron diffraction 1, 2 . We simulate the structure of these catalysts and predict the crystallographic site where the acidic proton is located. We compare their acidity by calculating the energy of deprotonation of the bridging hydroxyl groups. We use a combined quantum mechanics-interatomic potential function approach for this purpose [3] [4] [5] . The active site and its surroundings are treated by density functional theory (DFT) while the periodic lattice is treated by an ion pair shell model potential function. This approach proved very successful for acid zeolite catalysts with different framework structures. Our approach relies on a parametrization of the shell model potential that is based on DFT calculations for cluster models of the materials of interest. DFT-parametrized shell model potentials have been obtained before for aluminosilicates by Sierka and Sauer 6 . Here we report on such potentials for AlPOs and SAPOs. A shell model potential for AlPOs has been derived from experimental data before 7 and, together with a previously derived semiempirical shell model potential for aluminosilicates 8 , has been used to simulate SAPOs (ref. 9 ). The chabazite framework has been chosen for this pilot study because of its relatively small unit cell size which makes periodic DFT calculations feasible. Comparison will be made with such calculations reported before for HSSZ-13 and HSAPO-34 (refs [10] [11] [12] [13] ).
A Shell Model Potential for AlPOs and SAPOs Based on DFT Results
Quantum chemical calculations. Three cluster models were chosen for generating data for the parameter fit (Fig. 1) . As in previous studies 6, 14 , ring-type models were favored to minimize the effects of terminating hydroxyl groups. Four-and six-membered rings are also typical building units of microporous AlPOs and SAPOs. The models have the chemical compositions H 8 17 . Table I shows details of the optimized structures and the symmetry assumed. Additional data for the fitting procedure were generated by calculating energy gradients for 27 systematically distorted structures of all three models. Bond lengths were changed by 0.05 a.u., angles by 5 degrees.
Parametrization of potential functions. The potential parameters for aluminosilicates generated by Sierka and Sauer 6 were adopted and fixed during the fitting procedure for AlPOs and SAPOs. This way the number of free parameters could be restricted to 12. Oxygen atoms in P-O-Al bridges could not be described by the same parameters as in Si-O-Al bridges. Thus, a new type of oxygen, O P , was defined in addition to the O and O b types, defined in the potential for protonated aluminosilicates 6 . Figure 2 shows the definition of atom types for the 4R-SAPO model. Among hydrogen atom types only H b occurs in periodic calculations on HSAPOs. However, all atom types are needed for free space and embedded cluster calculations.
The fitting procedure was the same as described by Schröder and Sauer 14 . All parameters were obtained in one step. Cartesian gradient components for atoms of terminal hydroxyls were weighted with a factor of 0.1, those of atoms belonging to the ring with a factor of 1. Table II shows the optimized shell model parameters. Results for berlinite and microporous AlPOs. Lattice energy minimizations were performed with the METAPOCS (ref. 18 ) and the GULP (ref. 19 ) codes. . In a second step the parameters were refitted to give better results for α-quartz and berlinite. Gale and Henson 7 fitted the parameters of a shell model potential to observed data for berlinite. Parameters for O-O and Al-O interactions were taken from earlier parametrizations for aluminosilicates 22 . As expected, the experimental berlinite structure 23 is best reproduced by the empirical shell model potential (Table III) . Comparing the Acidities of Catalysts The DFT-parametrized potential of this work predicts too long P-O bonds. This trend is already observed in the quantum mechanical cluster calculations. The potential of van Beest et al. provides too large Al-O-P bonding angles. This is not a surprising behaviour for a rigid ion potential. Table IV shows elastic, dielectric and piezoelectric constants. The values calculated using different potentials are more similar to each other than to the observed ones 24 . In particular the large diagonal terms of the elastic tensor, C 11 and C 33 , are not reproduced by the calculations. There is, however, still a large uncertainty in the experimental values. Chang 25 measured 8.58 . 10 11 dyn cm -2 for C 33 -much closer to the values predicted. Figure 3 shows the vibrational frequencies for the zero wave vector. Comparison with experiment 26 shows the superiority of the DFT-parametrized shell model potential. The largest difference between observed and predicted frequencies is 50 cm -1 for this potential, 216 cm -1 for the empirical shell model potential, and 125 cm -1 for the van Beest potential. The DFT-parametrized potential is accurate over the whole range from 0 to 1 300 cm -1 , whereas the empirical shell model shows large deviations for frequencies above 1 000 cm -1 . The crystal structures of AlPO 4 -18, AlPO 4 -40, AlPO 4 -52, and VPI-5 were fully optimized starting from reported X-ray structures [27] [28] [29] [30] . The P1 space group was assumed. Table V shows the results. The final space groups were identical with the observed ones, with the exception of VPI-5, for which the shell model potentials predict P31m rather than the P6 3 cm. The deviation from observed cell parameters is relatively small. The empirical shell model potential predicts the unit cells best. 
Lattice Energy Minimizations Using the DFT-Parametrized Shell Model

Combined QM-Pot Calculations
Combined QM-Pot calculations 6 were performed for the O(1)H and the O(4)H groups in HSAPO-34 and for the O(1)H group in H-SSZ-13. Cluster models consisting of two fused 4-rings were embedded in the H-T 24 O 48 unit cells (T = Al, P, or Si), see Fig. 4 . This 4R
2 -cluster was explicitly treated by the DFT-B3LYP method and the same T(O)DZP basis set was employed as used in the parametrization of the shell model potential.
Bond lengths and angles change by up to 5 pm and 10 degree compared with the results obtained with the shell model potentials alone. The effect that the Si-O bonds become longer and the Al-O bonds shorter when passing from the aluminosilicate to the SAPO is confirmed, although the Al-O bond is slightly longer than the Si-O bond, by about 4 pm, also in SAPO. An increased Si-O bond length is already obtained for the 4R-SAPO cluster. Moreover, the Si-O(H)-Al bond angle becomes significantly narrower and the Si-O-H bond angle significantly wider when passing to the embedded cluster (QM-Pot) approach. As expected, the QM-Pot results are between the lattice energy minimization results using the potential alone and the DFT results on the free space cluster. The non-bond distance between the acidic proton and the Al atom can be deduced from a 1 H MAS NMR sideband analysis and a distance of 244 pm was reported for HSAPO-34 (ref. 32 ). The distance predicted by our combined QM-Pot method is 245 pm (Table VII) . The periodic DFT calculations use a completely different basis set (plane waves together with pseudopotentials) and apply also a different functional. It is therefore not surprising that there are systematic deviations between the plane wave results obtained by Shah et al. 13 and the combined QM-Pot results shown in Tables VII and VIII. The largest systematic deviations are found for the Al-O bond length (6 to 7 pm). Nevertheless, the two sets of results agree in all important points: (i) The Si-O and Al-O bonds The OH bond distance is slightly shorter in SAPOs than in aluminosilicates. In accord with this observation it has been found that the OH vibrational frequencies are slightly higher in SAPOs than in aluminosilicates and it has been concluded that SAPOs may be slightly less acidic than aluminosilicates with the same framework structure 13 . Although a direct relation between the OH bond length or OH vibrational frequency and the acidity cannot be assumed, this conclusion is valid in the present case as will be shown below.
Acidity differences between zeolites and SAPOs. The energy of deprotonation is a measure of the acidity strength of isolated surface hydroxyl groups 5 . Table IX shows the results obtained by different methods for HSSZ-13 and HSAPO-34. All calculations apply a uniform background charge for the anion and an aperiodic correction term 4 . Only the O(1)H group is considered in these calculations. The first conclusion is that a bridging hydroxyl group of a SAPO is less acidic than the crystallographically equivalent hydroxyl group in the aluminosilicate zeolite of the same framework topology. It requires more energy (about 30 kJ/mol) to deprotonate HSAPO-34 than HSSZ-13. In a previous study on different aluminosilicate catalysts with different framework structures a difference of 30 kJ/mol was found between the faujasite and the MFI frameworks 5 . To access further the accuracy of the combined QM-Pot scheme, periodic ab initio calculations have been performed which replace the inner shell electrons by pseudopotentials and use plane waves to describe the total periodic wave function of the systems 33 . The Car-Parrinello code 34 was used, for further details see ref. 35 . Due to the lack of exact exchange in these methods a simpler version of DFT, the B-LYP functional without Hartree-Fock exchange was employed and the combined QM-Pot calcu- 36 . The DFT-B3LYP/T(O)DZP correction happens to be zero (error compensation) 6 , while the DFT-BLYP/T(O)DZP correction is 8 kJ/mol. For the plane wave BLYP calculations the correction is 38 kJ/mol. The corrected numbers of the two completely independent approaches, QM-Pot (DFT-BLYP/T(O)DZP) and plane wave (BLYP), are in very good agreement with each other. A similarly good agreement is observed between the two different functionals within the combined QM-Pot approach. Combined QM-Pot calculations have been made before using the Hartree-Fock method instead of DFT calculations and a HF-parametrized shell model potential instead of the DFT-parametrized shell model potential 5 . For the O(1)H group of HSSZ-13 such calculations on an embedded di-tetrahedra cluster yield an uncorrected deprotonation energy of 1 277 kJ/mol. After adding the correction of -46 kJ/mol (ref. 37 ) a value of 1 231 kJ/mol is obtained which exactly agrees with the corrected DFT-B3LYP result on the embedded 4R 2 -aluminosilicate cluster. Note that the deprotonation energies presented in Table IX and discussed above do not include zero-point-energy corrections which are about -35 kJ/mol.
Deprotonation energies of surface hydroxyl groups can not be directly measured. However, inferences can be made from OH frequency shifts. Unfortunately, such data are neither available for HSAPO-34 and HSSZ-13, nor for other aluminosilicate-SAPO pair of the same framework topology. Based on temperature programmed desorption of NH 3 and pyridine, Briend et al. 38 concluded that "the average strength of the acidity is lower in SAPO-37 than in Y zeolites". It has been shown by QM-Pot calculations that energies of deprotonation and heats of NH 3 adsorption may lead to different relative acidities of two acid zeolites 5 . Hence, we have to await such results for the ammonia adsorption in HSAPO before further conclusions can be reached.
CONCLUSIONS
Parameters of an ion pair shell model potential have been derived from DFT-B3LYP calculations for AlPOs and SAPOs. The potentials obtained are tested for known structures of dense and microporous AlPOs (berlinite, AlPO-18, AlPO-40, AlPO-52, and VPI-5). As expected, the DFT-parametrized shell model potential is slightly inferior to the empirically parametrized one for structures, performs about as well for electric and elastic properties and is clearly superior for vibrational properties.
The SAPO potential is used for describing the periodic SAPO lattice within the new combined quantum mechanics-interatomic potential approach while the cluster embedded into this lattice is explicitly treated by density functional theory (B3LYP) functional.
